Abstract The water-energy nexus field is experiencing growing attention to assessing the impacts of energy generation on water resources. Numerous studies in recent years have used a range of metrics and methods for measuring and quantifying the water impacts of energy. This article argues that the field is suffering from a lack of consistency in the interpretation and application of different evaluation metrics due to competition for the development of the 'correct' evaluation method. The uncertainties caused by inconsistent analysis methods, assumptions, scales and boundaries make the available information confusing and hamper our abilities to understand comprehensively and judge properly. The article highlights some of the major caveats that need to be considered in using the results of the previous studies and applying the existing metrics for evaluating the impacts of energy production on water resources.
Introduction
Energy and water are firmly interconnected and interdependent. We need energy to purify, desalinate and transfer water. On the other hand, energy production, whatever the source is, consumes and impacts water. Water is used in energy mining and production, running turbines, cooling power plants, construction and operation of energy generation facilities, and disposing their waste products [1, 2••, 3, 4••] . This reciprocal dependency of water and energy is the core idea of the waterenergy nexus.
Since a few decades ago, the strong parallel between the burgeoning water and energy scarcity grew into an important discussion in the literature. Undeniably, energy and water demands are rapidly increasing due to economic development, population increase and growth of the middle class in the developing world [5] . However, freshwater supplies are diminishing in many regions due to climatic changes, more frequent droughts and the escalated competition over available water resources between the energy and agricultural sectors. Thus, the water-energy nexus discussion has heated up even more seriously in recent years and has sprawled across a wider range, encouraging the investigation of different aspects of the water-energy nexus and its connections with other sectors or resources. Examples include research on energy recovery from water and wastewater reuse [6] [7] [8] , energy intensity of water operations [9-11, 12••, 13] , water intensity of transportation [14•, 15•, 16] , water impacts of electricity generation [12••, 17, 18•, 19, 20, 21•] , water footprint of energies [2••, 22, 23•] , policy and the institutional aspects of the water-energy nexus [24] [25] [26] , water-energy-food nexus [27] [28] [29] [30] [31] , water-foodenergy-climate nexus [32] and water-energy-climate-landeconomy nexus [33, 34, 35•] .
By focusing on the 'water for energy' side of the waterenergy nexus, this article intends to highlight the major methodological gaps in the field that limit our capacity for the holistic evaluation of the impacts of the energy sector on water resources. It is argued that the existing inconsistencies between the different evaluation approaches and metrics can create superfluous uncertainties that would be confusing to decision makers, hampering their ability to develop sustainable solutions that can solve the emergent energy problems without having unintended impacts on water resources.
Thirsty Energy
By 2035, global energy use is expected to rise by 35-40 % [36, 37••] , with China, India and the Middle East being responsible for 60 % of this increase [38] . During this time, electricity demand will increase by 70 % [38] . By mid-century, electricity generation in Africa, Latin America and Asia is expected to increase by 700 %, 500 % and 200 %, respectively [39] . Emerging economies such as Brazil, China and India are expected to double their energy consumption within the next four decades [39] . The increasing energy demand will impose extra pressure on the already stressed water resources that in the meantime must be used to increase agricultural production by 60 % to feed the world's growing population [40] .
Estimates of the water impacts of energy generation are different due to different assumptions, projections, and evaluation methods/standards [2••] . The International Energy Agency (IEA) estimates that the global water withdrawals for energy production in 2010 were at 583 billion m 3 (15 % of global water withdrawals, exceeding the average annual discharge of India's Ganges River), of which 66 billion m 3 was consumed [41••] . Based on the IEA estimates, by 2035 water withdrawals could increase by 20 %, while water consumption is expected to increase by 85 %. These changes are due to the wider use of higher efficiency power plants with more advanced cooling systems, which reduce water withdrawals at the expense of increased consumption, and to the increased production of biofuel [38] , with a water footprint that is 70-400 times larger than that of conventional fossil energies [22] . Carbon capture and storage and expansion of nuclear facilities [42•] , as well as increased hydraulic fracturing (fracking) and shale gas production [2••, [43] [44] [45] [46] [47] [48] , have been recognized as the other possible causes of increased water withdrawals in the future.
Thermal power plants produce 80 % of global electricity [38, 42•] while having a significant water consumption rate [21•] . The water used for cooling purposes dominates the lifecycle water use of electricity generation [21•] and is responsible for 50 % and 43 % of freshwater withdrawals in the US and Europe, respectively [38] . Global water withdrawals for thermal electricity generation are expected to increase by 40 % by mid-century [38] , while water consumption for electricity generation is expected to more than double in this period [39] .
A recent study of the water footprint of the energy supply portfolios based on energy production and consumption scenarios in the International Energy Outlook of the US Energy Information Administration (EIA) suggests an increase of 37-66 % in the global water footprint of the energy sector by 2035 [2••] . While this increase can be mainly attributed to the world's growing energy demand, the study suggests that the water required per unit of produced energy will likely increase by 5-10 %, depending on future oil prices. Higher oil prices would encourage a faster shift toward some renewables [49] that can be more water-intensive than today's fossil fuels [2••, 22, 50, 51] .
The energy sector's pressure on water resources has a reinforcing effect that has not been comprehensively examined. Increased energy demand, in addition to growing food demand, make water resources more scarce. The shortage of water normally encourages interbasin water transfers [52] , more aggressive use of groundwater resources [53] [54] [55] [56] , and increased desalination and wastewater reuse [12••] . These energy-intensive water management approaches would further increase the water need of energy. Climate change is expected to exacerbate the situation by limiting the potential for production of certain energies such as hydroelectricity [57] [58] [59] , increasing energy demands in some parts of the world [60] and decreasing water productivity in the agricultural sector [61] [62] [63] , which would further increase the need for water and energy within the next decades.
While future projections of the water impacts of energy might be different, they all agree on one fact-the energy sector would become thirstier, imposing extra pressure on the managers of water and energy resources who have conventionally operated independently despite the high interdependence of the resources they manage. There is a serious need for balancing the trade-offs between the different aspects of water-energy nexus management. However, a successful balance requires a good understanding of the possible effects of different policy options. We argue that the current state of the art in this field is not sufficiently mature, failing to provide digestible information that can properly guide decision making to operate and develop sustainably.
Multiple Metrics and Inconsistent Applications
Interest in evaluating energy production impacts on water has increased over the years, as indicated by the growing literature on this subject. While this is a positive sign at first glance, and reflects having a more water-cautious research community, the inconsistency between the methods used and the competition over developing and applying a 'superior' method of evaluation limits the meaningful progress in this field.
The 'water for energy' literature has developed and used numerous metrics for measuring the water impacts of energy production, including, but not limited to, water withdrawal, water consumption, water utilization, water use, virtual water content, water footprint, blue water, green water, gray water, water abstraction, freshwater use, consumptive water use, instream freshwater degradative use, in-stream freshwater consumptive use, off-stream freshwater degradative use, offstream freshwater consumptive use, water productivity, withdrawal to availability (WTA) ratio, normalized water consumption, water withdrawal footprint, water availability time-span, eco factor, water stress indicator, and characterization factor [ We believe that consideration of the following caveats is necessary in the assessment of the impacts of energy production on water resources using the available metrics and methods in the literature.
a. The energy's water impact metrics have unique definitions and must not be used interchangeably. Table 1 provides the standard definitions of the most commonly used metrics for quantifying the impacts of energy production on water resources. The existing literature suggests that the community has mainly shown interest in assessing the amount of water withdrawn and consumed for energy production, while there has been less interest in the evaluation of the water quality and temperature effects of energy production despite the fact that these effects can be quite significant. For example, in the assessment of the water footprint of the electricity sector in the US, it was found that an average kilowatt-hour of electricity in the US in 2009 required almost 159 liters (42 gallons) of water, more than 95 % of which was gray water footprint [79] , which is associated with the water quality effects of electricity production.
Although some metrics such as water consumption and withdrawal have been used more frequently than others, this research area still suffers from the lack of consistent terminology [80] and a standard framework for assessing and measuring the water impacts of energy [2••] . This has caused irresponsible, inconsistent and interchangeable use of some metrics, such as water withdrawal, water consumption and water footprint, despite their fundamental differences. Water use (utilization) is perhaps the most poorly defined water impact assessment metric, which has been equated to water withdrawal most of the time but has also been used as an equivalent of water consumption. Similarly, virtual water content [81, 82] and water footprint [82] have been used interchangeably with no clear understanding of their major distinction [77] .
Inconsistency, to some extent, could be understood as a result of different interpretations and/or rephrasings. Nevertheless, it turns into a serious problem when fundamental underlying assumptions vary between these seemingly interchangeable terms. The existing inconsistencies in interpretation and application of the relevant terminologies and methods in different 'water for energy' studies create a significant uncertainty in comparability of their results and can be misleading to decision makers.
b. There is no superior method for evaluating the water impacts of energy. The existing literature [70, 73, 80] reveals the tendency to compete for inventing the 'best' method for assessing the water impacts of energy. It has been argued that developing a 'correct' definition of sustainability is impossible as our understanding of sustainability is continuously evolving based on our better understanding of the complexities and interconnections of different sectors within the complex, coupled natural-human systems [83] . Similarly, developing the 'best' and 'correct' method for comprehensive assessment of the water impacts of energy production is impossible and unnecessary as our understanding of the water-energy nexus, its complexity, and its relations with the other sectors changes all Table 1 Most commonly used metrics for evaluating the impacts of energy production on water resources
Metric Definition
Water withdrawal
The total freshwater (surface water and groundwater) input into the energy production system Water consumption
The portion of the total freshwater input that has become unavailable for reuse due to evaporative losses, incoporation into the produced energy, or transfer to another catchment or sea (the difference between the total water withdrawal and the amount of water released from the energy production system, i.e. wastewater) Blue water
The volume of freshwater (surface and/or groundwater) consumed for energy production during its lifecycle Green water
The volume of rainwater consumed (evapotranspirated from land and vegetation) in the energy production lifecycle Gray water An indicator of freshwater pollution, defined as the volume of freshwater required to dilute pollutants resulting from energy production during its lifecycle to retain the quality of water above the agreed water quality standards Virtual water
The volume of water consumed and polluted for producing energy, measured over the full energy production lifecycle (sum of the blue, green and gray water of energy production) Water footprint The geographically explicit indicator of the virtual water content of energy, specifying the location of the water footprint, water source, and the timing of use the time. Selective application of water impact evaluation metrics can result in conflicting and misleading insights. For example, energy production through a certain method might have a low water consumption but a higher footprint. Reporting the water consumption information and overlooking the water footprint information can result in developing inappropriate policies.
Each metric and indicator has its own merits and shortcomings. Indicators can provide valuable and complementary information to guide decision making but they are hardly sufficient for providing a holistic understanding of the problem and making the best decisions. Instead of developing and finding the best method, the community must focus on the end goaldeveloping methods and solutions that can reduce the water impacts of energy production without unintended consequences and impacts on other sectors.
c. There is value in simplicity. The main reason for the success and popularity of metrics such as water withdrawal, water consumption, virtual water content and water footprint is their simplicity, which makes them understandable for a wider research community and the decision makers. These metrics try to quantify the impacts on water resources in volumetric terms, making them easier to understand, compare and balance. On the contrary, sophisticated methods that are based on too many assumptions require a lot of information and involve weighting and aggregation (e.g. Pfister and Hellweg [73] ), and produce results that are questionable, controversial, and harder to interpret and explain [70] . d. Lack of data does not justify hidden assumptions and method misuse. Measurement of the water impacts of energy production based on each metric requires unique sets of data which might not be readily available. In the absence of such data and based on the specifications of studied cases, certain assumptions are made during calculations that may have substantial implications, affecting the final outcome. However, these assumptions usually remain concealed when reporting the results or when the results of different studies are compared with one another, even when such studies do not have consistent assumptions. For example, Hadian and Madani [2••] point to the significant differences between the water consumption estimations of the IEA and World Energy Council (WEC), attributing the differences to inconsistent assumptions that have not been explicitly reported and make it hard to judge which sets of estimations are more accurate and reliable.
In some cases, certain assumptions fundamentally change the metric being used, while this change is not reported, resulting in misleading information and conclusions. For example, in order to calculate the virtual water content of an energy, one might assume that the gray and green water footprints are equal to zero due to the lack of data, setting the resulting virtual content equal to the blue water footprint of that energy or simply its water consumption. Reporting the final outcome as a virtual water or water footprint rather than water consumption or blue water footprint is a methodological fallacy, and is inappropriate and misleading. The literature should be more explicit about the assumptions and limitations associated with different evaluations, and must be more cautious about certain assumptions that might change one metric to another.
e. System boundaries matter. To be informative and useful, assessment of the energy production impacts on water resources should fully consider all components of the energy production lifecycle. While the water used for cooling might be the major component of water use in the production of certain energies [4••, 21 •], one should not overlook the water impacts of energy technology production, energy production facility development and the gray water footprint of energy production, which can be highly significant [79] .
The boundaries of lifecycle assessment must be reported to make the assessment results informative. In addition, depending on the production process and the applied technology, water impacts can vary significantly, even for the same energy source. Therefore, one needs to be cautious about using and comparing the results of studies that simply report the water impact of energies using a certain metric without reporting the lifecycle analysis boundaries and/or providing a full description of the studied energy production process.
f. Geographical boundaries matter. Similar to lifecycle analysis boundaries, geographical boundaries of the analysis might have significant impacts on the final outcome and must not be overlooked. For example, the green water footprint of biofuels and blue water footprint of hydropower can vary based on regional climate. Comparison of the water impacts of energies should be carried out using consistent and comparable geographic scales. g. Balancing the water impacts of an energy source against its greenhouse gas emission reduction benefits does not make it sustainable. Evaluation of the water impacts of energy production is an essential step to better understanding of the water-energy nexus. Previous 'water for energy' studies have taught us that some renewable energies (e.g. concentrated solar power, biofuels and hydroelectricity) can be highly water-intensive [14•, 15•, 22, 23•] . Thus, considering the trade-off between reductions in the carbon footprint of energies and their water impacts would be necessary [50] to ensure that our solutions to the climate change problems would not cause problems in the water sector [2••] . Nevertheless, we need to remember that the water-energy-climate nexus is just a part of the larger nexus between water, energy, food, climate, ecosystem, economy, society, and politics, etc. Therefore, the solutions developed based on our partial understanding of the interrelationships of the complex natural-human systems are not necessarily sustainable and might be associated with unintended consequences in other sectors or subsystems. Developing sustainable solutions must be based on a system of systems approach that enables us to develop a holistic understanding of the complex natural-human systems and all the involved trade-offs [35•, 83] .
Conclusions
Understanding the interconnection and interdependence of water and energy has created a strong interest in exploring the water-energy nexus. Concerns over the increasing water needs of the energy sector in the water-scarce future have further increased interest in the 'water for energy' side of this nexus. Numerous indicators and metrics have been employed to measure the different types of energy impacts on water, and research in the field has been somewhat successful in raising the general awareness of the public and policy makers about the significant effects of energy production on water resources. While this level of interest in the subject is a positive sign, the lack of coherence among different efforts for understanding the water impacts of energy limits our capacity to properly compare and judge the results of previous studies. Future research on evaluation of the energy impacts on water resources is expected to try to develop a unique and standard method for comprehensive evaluation of the water effects of energy, take advantage of the simpler metrics, apply them in a complementary way, consider the whole lifecycle, use proper boundaries, and be more explicit about the analysis limitations and assumptions. These strategies would help us, as a community, to facilitate the development of sustainable water and energy solutions that do not have unintended impacts on other sectors.
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